Valvular regurgitation represents an important cause of cardiovascular morbidity and mortality. Echocardiography has become the primary non-invasive imaging method for the evaluation of valvular regurgitation. The echocardiographic assessment of valvular regurgitation should integrate quantification of the regurgitation, assessment of the valve anatomy, and function as well as the consequences of valvular disease on cardiac chambers. In clinical practice, the management of patients with valvular regurgitation thus largely integrates the results of echocardiography. It is crucial to provide standards that aim at establishing a baseline list of measurements to be performed when assessing regurgitation.
Introduction
Valvular regurgitation is increasingly prevalent and represents an important cause of cardiovascular morbidity and mortality. 1 Echocardiography has become the primary non-invasive imaging method for the evaluation of valvular regurgitation. It provides detailed anatomic and functional information and clarifies the mechanisms that play a role in valvular regurgitation. Doppler echocardiography not only detects the presence of regurgitation but also permits to understand mechanisms of regurgitation and quantification of its severity and repercussions. In clinical practice, the management of patients with valvular regurgitation largely integrates the results of echocardiography. It is thus crucial to provide standards that aim at establishing a baseline list of measurements to be performed when assessing regurgitation. Practically, the evaluation of valvular regurgitation requires using different echocardiographic modalities [M-mode, Doppler, two-/ three-dimensional (2D/3D), and transoesophageal echocardiography (TEE)], should integrate multiple parameters, and should be faced with clinical data. This document results from the review of the literature and is based on a consensus of experts. To maintain its originality, it has been divided into two parts: (i) general recommendations and aortic regurgitation (AR) and pulmonary regurgitation (PR), and (ii) mitral (MR) and tricuspid regurgitation (TR). Both discuss the recommended approaches for data acquisition and interpretation in order to minimize observer variability, facilitate inter-study comparison, and maintain consistency among echocardiographic laboratories. Present recommendations are not limited to a basic quantification of valvular regurgitation but provide elements on the assessment of ventricular performance, cardiac chambers size, and anatomy of valve. Modern parameters derived from advanced echocardiographic techniques as 3D, tissue Doppler, and strain imaging are also provided when relevant.
General recommendations
Valvular regurgitation or insufficiency is defined as the presence of backward or retrograde flow across a given closed cardiac valve. 2 With the advent of Doppler techniques, it is frequent to detect some degree of regurgitation even in the absence of valve lesion. Trivial regurgitation, particularly of the right-sided valve, should be considered as physiological. In other situations, a complete echocardiographic assessment is appropriate and should integrate quantification of the regurgitation, assessment of the valve anatomy and function, and the consequences of valvular disease on cardiac chambers. Practically, the quantification of regurgitation is based on the integration of a set of direct and indirect parameters. Indirect criteria are mainly represented by the impact of regurgitation on the cardiac size and function. Direct criteria derive from colour Doppler echocardiography.
In practice, the evaluation starts with two-dimensional (2D) echocardiography, which can orient readily to a severe regurgitation in the presence of a major valvular defect or to a minor leak when the valve anatomy and leaflet motion are normal. Then, a careful assessment of the regurgitant jet by colour Doppler, using multiple views, can rapidly diagnose minimal regurgitation, which requires a priori no further quantification. In other cases, the use of a more quantitative method is advised when feasible. In the second step, the impact of the regurgitation on the ventricles, the atrium, and the pulmonary artery pressures is estimated. Finally, the collected data are confronted with the individual clinical context in order to stratify the management and the follow-up.
Of note, the comprehensive haemodynamic evaluation of patients with complex valve disease, including full quantitation of valvular regurgitation, should be performed by echocardiographers with advanced training level and appropriate exposure to valvular heart disease patients, according to the EAE recommendations. 3 Valve anatomy and function Echocardiography provides a rapid overview of the cardiac structures and function. It allows a comprehensive evaluation of the aetiology and mechanisms of valvular regurgitation. The use of a common language for the valve analysis is strongly advocated. Instead of the cause of valvular regurgitation, the precise location of the involved leaflets/scallops, the lesion process (e.g. ruptured chordae), and the type of dysfunction (e.g. valve prolapse) should be described. The most frequently used classification of this dysfunction has been described by Carpentier, according to leaflet motion independently of the aetiology. 4 Type I: the leaflet motion is normal, type II: increased and excessive leaflet mobility, and type III: reduced leaflet motion. Such assessment offers direct clues as to the possibility of valve repair. The indications of TEE have decreased in parallel with the improvement of the transthoracic imaging quality. It is still recommended when the transthoracic approach is of non-diagnostic value or when further diagnostic refinement is required. The place of 3D transthoracic echocardiography (TTE) and especially 3D TEE in the evaluation of the valve morphology and function is growing. In experimented centres, 3D echocardiography is the advised approach. The current effort is to advance this technology from the research arena to general clinical practice.
Valve assessment: recommendations
(1) TTE is recommended as the first-line imaging modality in valvular regurgitation. (2) TEE is advocated when TTE is of nondiagnostic value or when further diagnostic refinement is required. (3) 3D TEE or TTE is reasonable to provide additional information in patients with complex valve lesion. (4) TEE is not indicated in patients with a goodquality TTE except in the operating room when a valve surgery is performed.
Key point
Valve analysis should integrate the assessment of the aetiology, the lesion process, and the type of dysfunction.
Assessment of ventricular size and function
Valvular regurgitation creates a volume overload state. The duration and the severity of the regurgitation are the main determinants of the adaptive cardiac changes in response to volume overload. Three major physiopathological phases can be described: (i) acute phase, (ii) chronic compensated phase, and (iii) chronic decompensated phase. In chronic situation, the increased volume load is accompanied by a progressive increase in end-diastolic volume and eccentric hypertrophy to maintain forward stroke volume (SV). In mitral and TR, preload is increased whereas the afterload is normal or occasionally decreased in such a way that the ventricular emptying is facilitated. Conversely, in AR and PR, the afterload is increased resulting in additional concentric hypertrophy. Furthermore, the consequences of regurgitation on the ventricular volumes provide indirect signs on the chronicity and the severity of the regurgitation. In each type of valvular regurgitation, the prolonged burden of volume overload may result in ventricular dysfunction and irreversible myocardial damage. Quantification of cardiac chamber size and function ranks among the most important step in the evaluation and management of patients with valvular regurgitation. Although, the scope of this document is not to fully discuss the assessment of ventricular performance, it provides a number of clues on how to quantify cardiac size and function in the context of valvular regurgitation.
Left-sided chambers General recommendations are as follows: (i) images are best acquired at end-expiration (breath-hold) or during quiet respiration, (ii) avoid Valsalva manoeuvre which can degrade the image quality and alter cardiac volumes, (iii) at least 2-3 representative cardiac cycles are analysed in sinus rhythm and 3-5 in atrial fibrillation.
For the linear measurements of the left ventricular (LV) size, current guidelines on the management of valvular disease still refer to the leading edge method by using M-mode echocardiography ( Figure 1A) . Linear measurements from correctly aligned 2D are however particularly recommended in abnormally shaped LV, especially when it is impossible to obtain an M-mode line perpendicular to the LV long axis.
Linear dimensions from M-mode or 2D are not recommended for calculating LV volumes and ejection fraction. Unless 3D echocardiography is used, the 2D-based biplane (four-and twochamber views) summation method of disc is recommended for the estimation of these parameters ( Figure 1B and C) . In contrast to 2D, 3D echocardiography makes no assumptions about the LV shape and avoids foreshortened views resulting in a similar accuracy with cardiac MRI regarding the assessment of LV mass and volumes. A common limitation of 2D/3D is the accurate visualization of the endocardial border. When ,80% of the endocardial edge is adequately visualized, the use of contrast agents for endocardial border delineation improves inter-observer variability to a level obtained by MRI. This approach is advised in the case of poor visualization of the endocardial border. 7 In volume overload situation, it should be emphasized that LV ejection fraction could be maintained in the low-normal range despite the presence of significant myocardial dysfunction. The LV ejection fraction is a load-dependent parameter and does not reflect myocardial contractility. This volume-based parameter represents the sum of the forward ejection fraction and the regurgitant volume. New parameters (tissue Doppler imaging and 2D speckle tracking) are currently available for a better assessment of LV function in overloaded ventricle.
Although the left atrial (LA) size is not included in the current guidelines, it is an important parameter reflecting the chronicity of volume overload and diastolic burden. By convention, LA size is determined from the parasternal long-axis view using either M-mode or 2D oriented plane. With this approach, the LA size using this single diameter may be underestimated because this chamber may enlarge longitudinally. Therefore, the LA diameter should also be measured from apical views (tip of the mitral valve to the posterior wall of the left atrium) ( Figure 1D ). Practically, the determination of LA volume is the best approach to evaluate the LA size and the biplane area-length method using the apical four-and two-chamber views is the recommended method. In experimented laboratories, LA volumes are best estimated by 3D echocardiography.
Right-sided chambers
The general recommendations and limitations of the method used are similar to the above. The normal right ventricle (RV) is a complex crescent-shaped structure wrapped around the LV. 8 RV dimension is measured by M-mode echocardiography from the parasternal long-axis view. Linear measurements by 2D are more accurate. By using the apical four-chamber view, the minor and longaxis diameters at end-systole and end-diastole are measured. Calculation of RV area based on single-plane echocardiographic methods correlates with RV ejection fraction but assumes constant relationship between the dimensions of the RV in two planes. 2D estimation of RV volumes and ejection fraction is based on the biplane Simpson method. A combination of apical four-chamber and subcostal RV outflow views is the most used. However, the determination of RV ejection fraction and volumes using 2D is more difficult and less reliable than for LV. In experimented laboratories, 3D echocardiography has shown to be as accurate as MRI for the assessment of RV volumes. 9 As for the LV, the RV ejection fraction is a crude estimate 
Doppler methods

Colour flow Doppler
Doppler echocardiography is the most common technique for the detection and evaluation of valvular regurgitation. The analysis of the three components of the regurgitant jet with colour Doppler (flow convergence zone, vena contracta, and jet turbulence) has shown to significantly improve the overall accuracy of the estimation of the regurgitation severity. The assessment of the regurgitant jet in the downstream chamber, source of many errors, is however being replaced by the analysis of the vena contracta width and the flow convergence zone.
Colour flow imaging. The colour imaging of the regurgitant jet serves for a visual assessment of the regurgitation. Practically, the colour Doppler should be optimized to minimize the source of errors. The best rule of thumb is to standardize the instrument set-up within a given laboratory and leave these constant for all examinations. The colour scale is classically set at 50-60 cm/s or at the highest limit allowed by the machine. Figure 2A shows how reducing the colour scale or Nyquist limit from 60 to 16 cm/s results in a dramatic increase in the MR jet size. Colour gain should be set step by step just below the appearance of colour noise artefacts. 10 The regurgitant jet area is frequently measured by planimetry.
Recommendations for the assessment of valvular regurgitation Although this measurement appears to be the easiest method, the jet area is influenced by several factors: the mechanism of the regurgitation, the direction of the jet, the jet momentum, the loading conditions, the LA size, the patient's blood pressure.
11
Other major limitations include technical factors, such as gain settings, pulse repetition frequency, and aliasing velocity. This approach largely overestimates central jet and underestimates eccentric jet (Coanda effect). It is thus not recommended to quantitate the severity of regurgitation.
Vena contracta width. The vena contracta is the narrowest portion of the regurgitant jet downstream from the regurgitant orifice. 12, 13 It is slightly smaller than the anatomic regurgitant orifice due to boundary effects. To properly identify the vena contracta, a scan plane that clearly shows the three components of the regurgitant jet has to be selected. In some cases, it may be necessary to angulate the transducer out of the normal echocardiographic imaging planes to separate the area of proximal flow acceleration, the vena contracta, and the downstream expansion of the jet. The colour sector size and imaging depth are reduced as narrow as possible to maximize lateral and temporal resolution. Visualization is optimized by expanding the selected zone. The selected cine loop is reviewed step by step to find the best frame for measurement. The largest diameter of a clearly defined vena contracta is measured if possible in two orthogonal planes (i.e. MR). In contrast to the jet in the receiving chamber, the vena contracta is considerably less sensitive to technical factors and relatively independent of flow rate. If the regurgitant orifice is dynamic, the vena contracta may change during the cardiac cycle. It is theoretically limited by the lateral resolution of colour Doppler echocardiography, which frequently is inadequate to distinguish minor variations in the vena contracta width. Because of the small values of the vena contracta width, small errors in its measurement may lead to a large percentage of error and misclassification of the severity of regurgitation. The presence of multiple jets and of non-circular orifice makes this method inaccurate.
The proximal isovelocity surface area or flow convergence method. The flow convergence method is a quantitative approach that is based on the principle of conservation of mass.
14 Briefly, as blood flow converges towards a regurgitant orifice, it forms concentric isovelocity shells, roughly hemispheric, of decreasing surface area and increasing velocity. Therefore, the flow in each of these hemispheres is the same as that crossing the orifice. Colour flow Doppler offers the ability to image one of these hemispheres at a settled Nyquist limit or aliasing velocity. By setting the aliasing velocity to obtain an optimal hemispheric convergence zone, the flow rate (Q) through the regurgitant orifice is calculated as the product of the surface area of the hemisphere ( 2pr 2 ) and the aliasing velocity (V a ) (Q ¼ 2pr 2 × V a ). This flow rate across the proximal isovelocity surface area (PISA) is equal to the flow rate at the regurgitant orifice. Assuming that the maximal PISA occurs at the peak regurgitant orifice, the maximal effective regurgitant orifice area (EROA) is obtained by dividing the flow rate by peak velocity of the regurgitant jet by continuous-wave (CW) Doppler (EROA ¼ Q/peak orifice velocity). The regurgitant volume is estimated as follows: R Vol (mL) ¼ EROA (cm 2 )/TVI (cm) of the regurgitant jet, where TVI is the time -velocity integral.
Key point
The PISA method is acceptably reproducible in mitral regurgitation, TR, and AR. The following steps are recommended: (1) optimize the colour flow imaging (Variance OFF) with a small angle from an apical or parasternal window, (2) expand the image using zoom or regional extension selection, (3) shift the colour flow zero baseline towards the regurgitant jet direction to obtain a hemispheric PISA, (4) use the cine mode to select the most satisfactory hemispheric PISA, (5) display the colour Doppler off when necessary to visualize the regurgitant orifice, (6) measure the PISA radius using the first aliasing, and (7) measure the regurgitant velocity.
The PISA method has several advantages. Instrumental and haemodynamic factors do not seem to substantially influence flow quantification by this approach. The aetiology of regurgitation or the presence of concomitant valvular disease does not affect the regurgitant orifice area calculation. Although less accurate, this method can still be used in eccentric jet without significant distortion in the isovelocity contours. 15 The PISA method makes several assumptions. 16 The configuration or shape of PISA changes as the aliasing velocity changes. The convergence zone is flatter with higher aliasing velocities and become more elliptical with lower aliasing velocities. Practically, the aliasing velocity is set between 20 and 40 cm/s. Another limitation regards variation in the regurgitant orifice during the cardiac cycle. This is particularly important in mitral valve prolapse where the regurgitation is often confined to the latter half of systole. The precise location of the regurgitant orifice can be difficult to judge, which may cause an error in the measurement of the PISA radius (a 10% error in radius measurement will cause more than 20% error in flow rate and regurgitant orifice area calculations). A more important limitation is the distortion of the isovelocity contours by encroachment of proximal structures on the flow field. In this situation, an angle correction for wall constraint has been proposed but it is difficult in practice and thus not recommended. 3D echocardiography has been shown to overcome some of these limitations. Although promising, further 3D experience remains still required.
Doppler volumetric method
The total forward volume across a regurgitant orifice is the sum of systemic SV and regurgitant volume. 17 Hence, regurgitant volume can be obtained by calculating the difference between the total SV (regurgitant valve) and systemic SV (competent valve). R Vol ¼ SV regurgitant valve 2 SV competent valve. In MR, the total SV is calculated as the product of mitral annulus area (pd
) and mitral inflow TVI. The mitral annulus diameter (d) is measured in diastole in the apical four-chamber view (assuming a circular orifice) at the maximal opening of the mitral valve (2-3 frames after the end-systole). The inner edge to inner edge measurement is recommended. The mitral inflow TVI is obtained by placing the sample volume at the level of the mitral annulus plane (not at the tips of mitral leaflets to avoid recording higher velocities). Systemic SV is obtained by multiplying the LV outflow tract (LVOT) area (pd the parasternal long-axis view) by LVOT TVI. The mitral regurgitant volume is estimated as the mitral inflow volume minus the LVOT SV ( Figure 3 ). This calculation is inaccurate in the presence of significant AR. In this situation, the systemic flow could be calculated at the pulmonary annulus, although this site is often less accurate. 18 In AR, the regurgitant volume corresponds to the difference between the LVOT SV (total) and the mitral inflow volume (competent valve).
In both, the EROA is calculated as R Vol divided by the TVI of the regurgitant jet velocity recorded by CW Doppler (EROA ¼ R Vol/TVI regurgitant jet). Regurgitant fraction is expressed as regurgitant flow divided by total flow. This approach is technically demanding (multiple measurements) and source of many errors (multistage calculations). It should be considered as optional or reserved to experienced laboratories. The most common limitation relies to the measurement of the mitral annulus (error is squared in the formula). To overcome this limitation, the mitral SV can be obtained from 2D or 3D echocardiography by subtracting LV end-diastolic volume from LV endsystolic volume. This approach still needs to be validated on a large-scale approach.
Other Doppler approaches Several alternative Doppler methods can give indirect evidence to the severity of valvular regurgitation. For instance, the signal intensity of the CW envelope of the regurgitant jet represents a qualitative index of severity. The denser the signal, the more significant the regurgitation (the greater the number of red cells exhibiting regurgitation). The other Doppler parameters are more valve-specific and will be discussed according to the valve involved. 
Aortic regurgitation
AR is a common valvular disease. Echocardiography plays a valuable role in the assessment and management of patients with underlying AR. 18, 19 Anatomy and function of the aortic valve The aortic valve consists of a complex of structures surrounding the aortic orifice along the LVOT. Typically, the valve has three Figure 3 The quantitative assessment of aortic/pulmonary regurgitation severity by the Doppler volumetric method requires the measurement of the left ventricular outflow tract diameter (LVOT), the mitral annulus diameter and of two pulse wave velocity profiles (outflow tract and mitral inflow velocities). TVI, time -velocity integral.
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leaflets which are semi-lunar in shape. The cups are inserted into a fibrous connective tissue sleeve, which is attached to the aorta media above. Below, the cusps are attached to the myocardium of the LVOT and to the anterior mitral leaflet. Each cusp is attached along its curves edge, and the cusps meet at three commissures that are equally spaced along the circumference of the sleeve at the supra-aortic ridge. The area of the cusps is 40% greater than the cross-sectional area of the aortic root. In normal aortic valve, the cups are symmetrical, mobile, and free to the commissures, with equal overlap on closure. The sinuses of Valsalva are located between the valve sleeve and cusps. The cusps are called left coronary, right coronary, and non-coronary cusps based on the location of the coronary ostia. The parasternal long-axis view is classically used to measure the LVOT, the aortic annulus, and the aortic sinuses. Leaflet thickening and morphology can be visualized from this window as well as from the parasternal short-axis view and the apical five-chamber view. However, not uncommonly, 2D TTE does not allow to correctly identifying the anatomy and causes of AR. In this situation, 3D echo could provide better delineation of the aortic valve morphology. In some cases, TEE is needed particularly for assessing the mechanisms and causes of AR as well as the aortic root dimensions.
Aetiology and mechanisms of aortic regurgitation AR results from disease of either the aortic leaflets or the aortic root that distorts the leaflets to prevent their correct apposition. Common causes of leaflet abnormalities that result in AR include senile leaflet calcifications, bicuspid aortic valve, infective endocarditis, and rheumatic fever. Aortic causes of AR include annuloaortic ectasia (idiopathic root dilatation, Marfan's syndrome, aortic dissection, collagen vascular disease, and syphilis).
Aetiology
Degenerative calcific aortic regurgitation Calcification of a tricuspid aortic valve is most prominent in the central part of each cusp. There is no commissural fusion. A stellate-shaped systolic orifice is observed on the parasternal short-axis view. 20 Rheumatic aortic regurgitation Rheumatic AR is characterized by commissural fusion, calcifications, and variable thickening of the leaflets especially at the level of their free edge. The resulting retraction of aortic leaflets usually induces central regurgitation.
Bicuspid aortic regurgitation
A small proportion of the adult population has bicuspid aortic valves. These valves lead to stenosis, regurgitation, or both, owing to abnormal leaflet architecture and coaptation. Bicuspid aortic valves may be associated with dilatation of the aorta. A congenitally abnormal valve is strongly suspected whenever markedly eccentric leaflet coaptation is seen in parasternal views. The longaxis view may reveal an asymmetric closure line, a systolic doming or a diastolic prolapse of the leaflets. The short-axis view is more specific. The diagnosis is confirmed when only two leaflets are seen in systole with two commissures framing an elliptical systolic orifice. Diastolic image may mimic a trileaflet valve when a raphe is present. The fusion of the right and left coronary cusps (large anterior and small posterior cusps with both coronary arteries arising from the anterior cusp) is the more frequent. 21 The 3D echo reliably defines the morphological details of bicuspid aortic valve with the precision of anatomopathological examination.
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Mechanisms of aortic regurgitation In recent years, repair techniques for diseased aortic valves have received increasing attention. The knowledge of the mechanism responsible for AR is essential. Several functional classifications can be used. The adapted Carpentier classification for the AR is the most common. Type 1: aortic root dilatation or leaflet perforation; type II: prolapse of one or more cusps; and type III: restricted motion as the consequence of rheumatic disease or secondary significant calcifications (Figure 4) . 23 However, 2D TTE does not always show the lesion responsible for leaflet malcoaptation. In this situation, TEE provides useful information regarding the cusp pathology (redundancy, restriction, cusp height to indicate likely adequacy of coaptation, mobility/pliability, thickness, and integrity), commissure variations (fusion, splaying, attachment site, and alignment), and root morphology (septal hypertrophy, annular size, sinus, sinotubular junction dimension, and ascending aorta dimension). Recently, the diagnostic value of TEE in defining the mechanisms of AR has been highlighted ( Other two-dimensional/M-mode findings in aortic regurgitation In addition to the anatomic evaluation of the aortic valve and the assessment of the aortic root diameters (valve annulus, aortic sinuses, sinotubular junction, and proximal ascending aorta measurements are generally performed in mid-systole), several 2D and M-mode echo findings can be observed in AR ( Figure 5) .
If the regurgitant jet impinges on the anterior mitral valve leaflet, a reverse doming (concavity toward the ventricular septum) of the anterior leaflet can be observed on the parasternal long-axis view ( Figure 6A) . As a result, the leaflet presents a high-frequency fluttering during diastole and its opening can be compromised. The M-mode echo can confirm the fluttering motion of the anterior leaflet ( Figure 6B ). It can also appear on the mitral valve chordae or the interventricular septum. Its absence (i.e. in the case of mitral valve stenosis) cannot rule out the diagnosis of AR and a pseudo-fluttering can be observed in atrial fibrillation and in cardiac hyperkinesis. The M-mode echo is also helpful in demonstrating the premature mitral valve closure as a sign of severe, usually acute, AR and marked increase in LV diastolic pressure. Rarely, a premature diastolic opening of the aortic valve may appear if LV pressure exceeds aortic pressure. In chronic AR, if the regurgitant jet is eccentric towards the septum, a fibrotic reaction can occur at the contact site, and a local rise in echogenicity can sometimes be seen.
Key point
Additional echo findings are used as complementary findings to assess the severity of AR. The assessment of the morphology and dimension of the aortic root is mandatory.
Assessment of AR severity
Colour flow Doppler Colour flow imaging. Colour flow Doppler provides a semiquantitative approach to evaluate AR severity. 24 The regurgitant jet into the LV in diastole can be visualized by using multiple views. The parasternal views are preferred over the apical views because of better axial resolution. The colour jet area and length are weakly correlated with the degree of AR. They are particularly affected by the aortic to LV diastolic pressure gradient and LV compliance. Both jet area and length are often overestimated in the apical views and are not currently recommended. Practically, it serves for a visual assessment of AR. Central jets are highly suggestive of rheumatic disease whereas eccentric jets are often associated with aortic valve prolapse or perforation. Colour-coded M-mode is suitable for time dependency of flow signals during the heart cycle ( Figure 7) . The diameter and the cross-sectional area of the jet at its origin are other colour Doppler indices of AR severity. The maximum colour jet diameter (width) is measured in diastole immediately below the aortic valve (at the junction of the LVOT and aortic annulus) in the parasternal long-axis view. The jet width is proportional to the size of the aortic valve defect. However, if the orifice is irregular, as in bicuspid valve, the colour jet width is less related to the degree of regurgitation. Its accuracy can thus be improved by dividing the jet width by the LVOT diameter. The cross-sectional areas of the jet from the parasternal short-axis view and its ratio to the LVOT area are also indicators of AR severity. Although these measurements suffer from a high inter-observer variability, a jet width ratio .65% is a strong argument for severe AR. 24 
Key point
The colour flow area of the regurgitant jet is not recommended to quantify the severity of AR. The colour flow imaging should only be used for a visual assessment of AR. A more quantitative approach is required when more than a small central AR jet is observed.
Vena contracta width. For AR, imaging of the vena contracta-the regurgitant jet as it traverses the aortic orifice or the effective regurgitant area-is obtained from the parasternal long-axis view. 25 -27 To properly identify the vena contracta, the three components of the regurgitant jet should be visualized. A narrow colour sector scan coupled with the zoom mode is recommended to improve measurement accuracy. Practically, the vena contracta Recommendations for the assessment of valvular regurgitation represents the smallest flow diameter at the level of the aortic valve in the LVOT, immediately below the flow convergence region (Figures 8 and 9 ). It provides thus an estimate of the size of the EROA and is smaller than the regurgitant jet width in the LVOT (expansion of the jet immediately after the vena contracta). Using a Nyquist limit of 50 -60 cm/s, a vena contracta width of ,3 mm correlates with mild AR, whereas a width .6 mm indicates severe AR. The measurement of the vena contracta is affected by several factors as the presence of multiple jets. In this situation, the respective widths of the vena contracta are not additive. The concept of vena contracta is indeed based on the assumption that the regurgitant orifice is almost circular. The orifice is however often elliptic or irregular, which changes the width of the vena contracta in different views. 3D colour Doppler echo has been shown to be a useful tool in the visualization of the actual shape of the regurgitant orifice and could be used to measure the vena contracta in experienced hands. With 3D echo, an EROA ,20 mm 2 and an EROA .60 mm 2 have been proposed to define mild AR and severe AR, respectively. 27 However, these thresholds need to be confirmed in further studies. Key point When feasible, the measurement of the vena contracta width is recommended to quantify AR. Intermediate vena contracta values (3 -6 mm) need confirmation by a more quantitative method, when feasible. The vena contracta can often be obtained in eccentric jet. In the case of multiple jets, the respective values of vena contracta width are not additive. The assessment of the vena contracta by 3D echo is still reserved for research purposes.
The flow convergence method. The assessment of the flow convergence zone has been less extensively performed in AR than in MR. 28 -30 Imaging of the flow convergence zone is obtained from the apical three-or five-chamber or parasternal long-axis or upper right parasternal views (Figures 10 and 11) . The area of interest is expanded by using the zoom mode, the sector size is reduced as narrow as possible to maximize frame rate, and the Nyquist limit is adjusted to obtain a clearly visible, round, and measurable PISA radius. The colour flow velocity scale is shifted towards the direction of the jet (downwards or upwards in the left parasternal view depending on the jet orientation and upwards in the apical view). The PISA radius is measured from a stop frame as the distance between the regurgitant orifice and the first aliasing in early diastole (closest to the peak of regurgitant velocity). When imaged from the apical window, the PISA method significantly underestimates AR severity in the presence of eccentric AR jets. In this situation, imaging the flow convergence zone from the parasternal long axis improves the accuracy of the PISA method (if the jet is directed towards either the anterior mitral leaflet or the interventricular septum). For central AR jets, the apical view remains the most appropriate. The PISA method has several limitations. First, it is not feasible in a significant percentage of patients with AR due to interposition of valve tissue and difficulty in correctly identifying the flow convergence zone. Nonplanar or confined flow convergence zones that invalidate the hemispheric assumption are potential causes of either under-or over-estimation of AR severity by the PISA method. Accordingly, caution should be exercised when using the PISA method in patients with obtuse flow convergence angles, such as those with aneurysmal dilation of the ascending aorta or those with confined flow convergence zone such as could occur in patients with cusp perforation or commissural leaks. Grading of the severity of AR classifies regurgitation as mild, moderate, or severe, and subclassifies the moderate regurgitation group into 'mild-to-moderate' (EROA of 10-19 mm or an R Vol of 30-44 mL) and 'moderate-to-severe' (EROA of 20-29 mm 2 or an R Vol of 45-59 mL). An EROA ≥30 mm 2 or an R Vol ≥60 mL indicates severe AR. Key point When feasible, the PISA method is highly recommended to quantify the severity of AR. It can be used in both central and eccentric jets. In eccentric AR jets, we recommend to use the parasternal long-axis view to evaluate the flow convergence zone. An EROA ≥30 mm 2 or an R Vol ≥60 mL indicates severe AR.
Pulsed Doppler Doppler volumetric method. As for MR, PW Doppler method can be used as an alternative method to quantify the AR severity. 31 In the absence of significant MR, the mitral inflow is used to calculate the systemic SV. The pulmonic site can be used in patient with significant MR. This approach is time-consuming and is associated with several drawbacks (see above). In general, a regurgitant fraction greater than 50% indicates severe AR.
Diastolic flow reversal in the descending aorta (or peripheral arteries). AR can lead to diastolic flow reversal in the aorta. The flow reversal is best imaged in the upper descending aorta at the aortic isthmus level using a suprasternal view by using pulsed Doppler. The sample volume is placed just distal to the origin of the left subclavican artery and it is aligned as much as possible along the major axis of the aorta. The Doppler filter is decreased to its lowest setting to allow detection of low velocities (,10 cm/s). With milder degrees of regurgitation, there is a brief reversal of flow limited to early diastole. As the degree of the regurgitation increases, the duration and the velocity of the reversal flow increases. It becomes sustained throughout diastole at velocities exceeding 20 cm/s in severe AR (end-diastolic velocity measured at peak R wave) ( Figure 12 ). This cut-off value has been validated in the proximal descending aorta just beneath the aortic isthmus. 32 Significant holodiastolic reversal in the abdominal aorta is also a sensitive sign of severe AR. However, in the case of reduced aortic compliance (advancing age) or in the presence of increased heart rate, the duration and velocity of flow reversal may be increased. In severe acute AR, diastolic velocity decreases quickly with no end-diastolic velocity due to equalization of aortic and LV diastolic pressures.
The measurement of the diastolic flow reversal in the descending aorta is recommended, when assessable. It should be considered as the strongest additional parameter for evaluating the severity of AR.
Continuous-wave Doppler of the AR jet CW Doppler of the AR jet reflects the pressure difference between the aorta and the LV during diastole. It is classically best obtained from the apical five-chamber view ( Figure 13 ). However, effort should be made to obtain correct Doppler angle in order to minimize errors related to possible ultrasound beam misalignment. For eccentric jets, better signals may be obtained from the right parasternal window. Although faint spectral display is compatible with trace or mild AR, significant overlap between moderate and severe regurgitation exists in more dense jet tracings. Practically, the CW density does not provide useful information about the severity of AR. The grading by this method is qualitative.
The rate of deceleration of the diastolic regurgitant jet and the derived pressure-half time reflect both the degree of regurgitation and the ventricular end-diastolic pressures. As the degree of AR increases, the aortic diastolic pressure decreases and the LV enddiastolic pressure increases. 33 The late diastolic jet velocity is thus reduced and the pressure half-time shortened. A pressure half- 
Figure 11
Quantitative assessment of aortic regurgitation severity using the proximal isovelocity surface area method from the apical fivechamber view (CV). Arrows: white: PISA radius, Red: peak regurgitant velocity.
time of ,200 ms is consistent with severe AR, whereas a value of .500 ms suggests mild AR. The pressure half-time is however influenced by chamber compliance in addition to chamber pressures. For a given severity of AR, pressure half-time may be further reduced by elevated LV diastolic pressures or prolonged in patients with increase in peripheral resistance or who have a dilated aorta with increased aortic compliance. 34 It tends to normalize with chronic LV adaptation to AR. Accurate measurement of pressure half-time is also dependent on obtaining an adequate spectral envelope of the regurgitant jet.
Key point
The CW Doppler density of the AR jet does not provide useful information about the severity of AR. The assessment of the pressure half-time requires good Doppler beam alignment. A careful probe angulation is often needed. Because this parameter is influenced by chamber compliance and chamber pressures, it serves only as a complementary finding for the assessment of AR severity.
Consequences of aortic regurgitation
The presence of severe AR has significant haemodynamic effects, primarily on the LV.
Left ventricular size and function AR imposes additional volume load on the LV. In acute AR, the LV is classically not enlarged, whereas in the chronic situation, the LV progressively dilates and irreversible LV damage may occur. In the current guidelines, surgery is recommended in asymptomatic patients with severe AR when the LV ejection fraction is ≤50% and/or when the end-systolic diameter (less preload dependent) is .50 mm (.25 mm/m 2 ). 1, 35 An LV endsystolic volume index ≥45 mL/m 2 has been shown to be predictive of outcome and could thus be used for referring patients for surgery. 29 New parameters are currently available for a better assessment of LV function. A tissue Doppler peak systolic velocity measured at the medial annulus ,9.5 cm/s seems to be a good indicator of a poor exercise response. 35 Strain rate imaging is also a sensitive tool in detecting the spectrum of changes in radial and longitudinal deformation in asymptomatic or minimally symptomatic patients with AR. 36 However, data supporting the incremental value of tissue Doppler and strain imaging for detecting subclinical LV dysfunction are still scarce. 34 Key point LV diameters, volumes, and ejection fraction should always be evaluated and reported. It is strongly recommended to index the LV diameters to the body surface area.
Role of exercise echocardiography
The development of symptoms during exercise testing is useful in predicting outcome in patients with severe AR who are apparently asymptomatic at rest. 37, 38 The additional value of stress imaging is unclear. The observed magnitude of change in ejection fraction or SV from rest to exercise is related not only to myocardial contractile function but also to severity of volume-overload and Recommendations for the assessment of valvular regurgitation exercise-induced changes in preload and peripheral resistance. However, the absence of contractile reserve-decrease in LV ejection fraction by 5% at exercise-seems to be predictive of LV decompensation after surgery. 39 As the incremental value of stress echocardiography in predicting outcome of patients with asymptomatic AR is limited by the small number of available studies, this specific application is classically limited for research to experienced centre. Key point Exercise echocardiography is useful in patients with severe AR and equivocal symptoms. It could also be useful in patients with borderline values in terms of LV ejection fraction (50-55%) or end-systolic diameter (closed to 50 mm or 25 mm/m 2 ).
Integrating indices of severity Echocardiographic assessment of AR includes integration of data from 2D/3D imaging of the aortic root, aortic valve, and ventricle as well as Doppler measures of regurgitation severity ( Table 2) . Effort should be made to quantify the degree of regurgitation, except in the presence of mild or less AR. Both the vena contracta width and the PISA method are recommended, whenever possible. Adjunctive parameters help to consolidate about the severity of AR and should be widely used particularly when there is discordance between the quantified degree of AR and the clinical context. These parameters should be interpreted according to the chronicity of AR and the LV remodelling. Advantages and limitations of the various echo Doppler parameters used in assessing AR severity are detailed in Table 3 .
Recommended follow-up
Echocardiography is a good guide to the timing of surgery. This should be considered when LV deterioration starts to occur. To determine the rapidity of progression of AR, initial evaluation should be repeated in 2-3 months in the absence of surgical indications. In asymptomatic patients with mild AR, little or no LV dilatation, and normal LV ejection fraction at rest, echocardiograms can be done every 2-3 years. They should be done every 12 months for asymptomatic patients with severe AR and LV enddiastolic size of 60 -65 mm and normal LV systolic function. Echocardiograms should be performed more often (every 6 months) for patients with LV end-diastolic diameter close to 70 mm, or end-systolic diameter close to 50 mm (25 mm/m 2 ). Serial echocardiograms are also required when symptoms occur (which represents an indication for surgery) or when worsening AR or increasing LV size is clinically suggested or in patients with aortic root dilatation (,50 mm for bicuspid aortic valve, ,45 mm for patients with Marfan's syndrome, and ,55 mm for other patients).
1,40
Pulmonary regurgitation
A slight amount of PR has been reported in 40-78% of patients with normal pulmonary valves. Acquired mild-to-moderate PR is most often seen in patients with pulmonary hypertension with dilatation of the pulmonary artery. Severe PR is uncommon and usually observed in patients with anatomic abnormalities of the valve or after valvulotomy. 41, 42 There are very few validated studies owing to the low prevalence rates and difficulties in imaging. 
Anatomy and function of the pulmonary valve
The pulmonary valve is a three-leaflet structure, anatomically similar to the aortic valve. The pulmonic valve structure is however thinner because of the lower pressures in the right than in the left heart system. With 2D echo, typically only one or two leaflets can be simultaneously visualized ( Figure 14) . On occasion, the pulmonary valve can be seen in a short-axis view. In adults, visualization of the pulmonary valve is obtained from the parasternal short-axis view at the level of the aortic valve or from a subcostal approach. Evaluation of the pulmonary valve anatomy is however more difficult than for other valves (limited by poor acoustic access). In pulmonary hypertension, the dilatation of pulmonary artery allows better assessment of the valve. The role of TEE in PR is limited since the pulmonary valve is more difficult to image with TEE (far from the probe). The views that maximize visualization of the pulmonary valve include horizontal (0 degrees) plane imaging at 25-30 cm from the incisors and a deep gastric view in 1208 imaging plane.
Aetiology and mechanisms
PR may be caused by congenital anomalies (quadricuspid or bicuspid valves), hypoplasia, post-repair of tetralogy of Fallot or prolapse of the pulmonary valve. Other causes include infective endocarditis, carcinoid syndrome, and rheumatic heart disease. Carcinoid syndrome results in shortening and thickening of the pulmonary valve leaflet, similar to the involvement of the tricuspid valve. Myxomatous valve is rare, resulting in thickening, redundancy, and sagging of the pulmonary valve leaflets. As for AR, examining the anatomic abnormalities associated with PR may help define the mechanisms of regurgitation and yield clues to its severity. TTE, TEE, or 3D echo could provide useful information regarding anomalies of cusp number (bicuspid or quadricuspid valves), motion (doming or prolapse), or structure (hypoplasia, dysplasia, absence of pulmonary valve). 18 
Assessment of pulmonary regurgitation severity
Determination of the PR severity has been less validated than determination of AR degree.
Colour flow Doppler
Colour flow imaging Detection of PR relies almost exclusively on colour flow imaging. PR is diagnosed by documenting a diastolic jet in the RV outflow tract directed towards the RV. Pathological PR is distinguished from physiological PR by a longer duration of flow (holodiastolic) and a wider jet as the regurgitant jet crosses the pulmonic valve. 35 Functional PR jets are usually very small, central, and spindleshaped. In severe PR, where equalization of diastolic pulmonary artery and RV pressures occurs early in diastole, the colour jet area can be brief and inaccurate (dependency on the driving pressure). 43 The assessment of PR severity is usually estimated by the diameter of the jet at its origin. 44 The maximum colour jet diameter (width) is measured in diastole immediately below Recommendations for the assessment of valvular regurgitation the pulmonic valve (at the junction of the RV outflow tract and pulmonary annulus) in the parasternal short-axis view or from the subcostal view. Although this measurement suffers from a high inter-observer variability, a jet width that occupies .65% of the RV outflow tract width measured in the same frame is in favour of severe PR.
Vena contracta width
Although the vena contracta width is probably a more accurate method than the jet width to evaluate PR severity by colour Doppler, it lacks validation studies (Figures 15 and 16) . As for other regurgitations, the same limitations are applicable. The shape of the vena contracta is complex in most cases. The 3D vena contracta is correlated with the 2D vena contracta but provides more quantitative assessment of PR. 45 The EROA values of The flow convergence method In some patients, the flow convergence zone can be assessed ( Figure 17) . However, no studies have examined the clinical accuracy of this method in quantifying the severity of PR.
Pulsed Doppler
Theoretically, PW Doppler assessment of the forward and the reverse flows at the pulmonary annulus and in the pulmonary artery can been used to calculate R Vol and regurgitant fraction. The pulmonary annulus should be measured carefully during early ejection (2-3 frames after the R wave on the ECG), just below the valve. This technique is subject to errors in measurement and is not well validated. 46 
Continuous-wave Doppler
There is no clinically accepted method of quantifying PR using CW Doppler. The density of the CW signal provides a qualitative measure of regurgitation. 47 In mild PR, there is a slow deceleration of the jet velocity. A rapid deceleration rate with termination of flow in mid to late diastole is not specific but compatible with severe regurgitation.
Consequences of pulmonary regurgitation
Evaluation of the size and function of the RV in the absence of pulmonary hypertension provides indirect clues to the severity of PR. PR, pulmonic regurgitation; CW, continuous wave; EROA, effective regurgitant orifice area; PW, pulse wave; RV, right ventricle; R Vol, regurgitant volume; VC, vena contracta. a At a Nyquist limit of 50 -60 cm/s. b Steep deceleration is not specific for severe PR. c Unless for other reasons, the RV size is usually normal in patients with mild PR. In acute severe PR, the RV size is often normal. Accepted cut-off values for non-significant RV enlargement (measurements obtained from the apical four-chamber view): Mid RV dimension ≤33 mm, RV end-diastolic area ≤28 cm 2 , RV end-systolic area ≤16 cm 2 , RV fractional area change .32%, maximal.
Recommendations for the assessment of valvular regurgitation Evidence of RV dilatation is however not specific for severe PR. Nevertheless, its absence suggests milder degree of PR. As for TR, the RV function is classically evaluated by the RV ejection fraction. The utility of the new indices deriving from tissue Doppler imaging has not been extensively examined in the context of PR unrelated to congenital heart disease. In the tetralogy of Fallot, the severity of PR has a negative influence on RV functional parameters and there is significant relation between RV functions and exercise capacity. In this disease, the myocardial acceleration during the isovolumic contraction is a new emerging index of RV function. The assessment of RV function in the setting of congenital heart disease is not the scope of this document.
Role of exercise echocardiography
Latent RV dysfunction and impaired functional response to stress can be unmasked by exercise echocardiography. Except in the setting of congenital heart disease, the value of exercise testing in patients with PR has not been examined. 48 
Integrating indices of severity
Echocardiographic assessment of PR includes integration of data from 2D/3D imaging of the pulmonary valve and RV as well as Doppler measures of regurgitant severity ( Table 4 ). In the absence of extensive data on quantitation of PR, the experts recommend to assess the PR severity by using the different approaches available and to corroborate each other. Advantages and limitations of the various echo Doppler parameters used in assessing PR severity are detailed in Table 5 . 
Recommended follow-up
As for other valvular regurgitation, the follow-up of patients with PR depends on the aetiology and the severity of PR, the size and function of the RV, and the associated diseases. Although information is limited, careful follow-up should be organized in patients with moderate-to-severe PR.
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